Evaluating satellite-based diurnal cycles of precipitation in the African tropics by Pfeifroth, U. et al.
Evaluating Satellite-Based Diurnal Cycles of Precipitation in the African Tropics
UWE PFEIFROTH* AND JÖRG TRENTMANN
Department of Climate and Environment, Deutscher Wetterdienst, Offenbach am Main, Germany
ANDREAS H. FINK
Institute for Meteorology and Climate Research, Karlsruhe Institute of Technology, Karlsruhe, Germany
BODO AHRENS
Institute for Atmospheric and Environmental Sciences, Goethe University, Frankfurt am Main, Germany
(Manuscript received 4 March 2015, in final form 26 July 2015)
ABSTRACT
Precipitation plays a major role in the energy and water cycles of the earth. Because of its variable
nature, consistent observations of global precipitation are challenging. Satellite-based precipitation
datasets present an alternative to in situ–based datasets in areas sparsely covered by ground stations. These
datasets are a unique tool for model evaluations, but the value of satellite-based precipitation datasets
depends on their application and scale. Numerous validation studies considered monthly or daily time
scales, while less attention is given to subdaily scales. In this study subdaily satellite-based rainfall data are
analyzed in West Africa, a region with strong diurnal variability. Several satellite-based precipitation
datasets are validated, including Tropical Rainfall Measuring Mission (TRMM) Multisatellite Pre-
cipitation Analysis (TMPA), TRMM 3G68 products, Precipitation Estimation from Remotely Sensed
Information Using Artificial Neural Networks (PERSIANN), and Climate Prediction Center (CPC) morphing
technique (CMORPH) data. As a reference, highly resolved in situ data from the African Monsoon Multi-
disciplinary Analysis–Couplage de l’Atmosphere Tropical et du Cycle Hydrologique (AMMA-CATCH) are
used. As a result, overall the satellite products capture the diurnal cycles of precipitation and its variability as
observed on the ground reasonably well. CMORPH and TMPA data show overall good results. For locally in-
duced convective rainfall in the evening most satellite data show slight delays in peak precipitation of up to 2 h.
1. Introduction
In meteorology and climatology the spatial and tem-
poral variability of precipitation is of great impor-
tance. The key to further understanding precipitation
variability at various spatial and temporal scales is
having the best possible precipitation database available.
Especially in the tropics, which globally receive maxi-
mum rainfall, precipitation plays a major role for sci-
entific analysis, but it is also of high relevance for the
economy and society as a whole. Large tropical and
subtropical regions like India, East Asia, or West Africa
are affected by monsoon systems, which are responsible
for rainy seasons. Even though those rainfall events may
cause severe flooding, they are essential for human life.
The tropical monsoon systems do not only exhibit an-
nual and seasonal variability, but are also subject to
large diurnal variations (e.g., Lau et al. 2007; Kikuchi
and Wang 2008). Heavy rainfall usually falls in convec-
tive events, which poses a challenge for observations and
modeling. The diurnal cycle of precipitation systemati-
cally impacts atmospheric properties like humidity and
temperatures (e.g., through evaporation) and therefore
is a prominent feature of the tropical climate (Yang and
Slingo 2001).
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Unfortunately, there is a lack of ground-based mete-
orological measurements in parts of the earth and in
particular in tropical regions. The sparse distribution of
rain gauge stations in the tropics and the lack of a dense
measuring network are problematic because of the high
spatiotemporal variability of tropical precipitation. In
recent years efforts have been made to retrieve pre-
cipitation estimates through remote sensing from satel-
lites to fill the gaps in the station network. Tapiador et al.
(2012) and Kidd and Levizzani (2011) give thorough
overviews on currently available satellite-based pre-
cipitation datasets. These datasets are unique in de-
livering precipitation with quasi-global spatiotemporal
coverage, which make these datasets valuable for in-
creasing our knowledge of precipitation distribution and
variability (Kucera et al. 2013). Satellite-based high-
resolution precipitation datasets are commonly used to
study precipitation diurnal cycles (e.g., Sato et al. 2009;
Dirmeyer et al. 2012; Birch et al. 2014; Pohl et al. 2014).
Moreover, these datasets are an important tool for
evaluating precipitation as simulated by numerical
weather prediction and climate models, which often
have deficiencies in modeling precipitation (e.g., Dobler
and Ahrens 2008; Sato et al. 2009; Kothe et al. 2014).
Concerning subdaily variability, models still have diffi-
culties in simulating the proper timing and size of the
precipitation diurnal cycles because of the necessity to
parameterize small-scale processes (Dirmeyer et al.
2012). Recently, however, Bechtold et al. (2014) sub-
stantially improved the diurnal cycle of precipitation in
the global model of the European Centre for Medium-
Range Weather Forecasts by improved parameteriza-
tions with reference to, among others, Tropical Rainfall
Measuring Mission (TRMM) satellite data in Africa.
Satellite-based precipitation datasets can help to further
identify and understand model deficiencies.
Even though there has been progress in developing
satellite-based precipitation datasets in recent years, it is
problematic to use them unevaluated as reference for
any purpose. It is challenging to correctly estimate pre-
cipitation reaching the ground by means of satellite re-
mote sensing, as it is not a direct measurement and relies
on assumptions like temperature profiles or droplet
sizes. Moreover, the data quality is dependent on the
precipitation regime. Data uncertainties at a certain
location have to be expected because of the algorithm
itself but also owing to the limited spatiotemporal cov-
erage (Negri et al. 2002a; Kidd and Levizzani 2011;
Pfeifroth et al. 2013). The latter is especially problem-
atic for tropical regions often affected by convective
rainfall events (Yang and Slingo 2001). Weak tem-
poral coverage may reduce data quality, especially when
looking at subdaily rainfall variability. To overcome this
deficiency, efforts have been made to improve the spa-
tiotemporal coverage by combining data from different
satellites into merged products (Kidd and Levizzani
2011). In particular, these datasets make use of infrared
measurements by geostationary satellites to improve the
spatiotemporal sampling of low-earth-orbiting satellites.
But precipitation estimates based on infrared measure-
ments are more indirect and hence more uncertain than
those based on microwave measurements. Overall, it is
known that precipitation estimates by satellites perform
better in the tropics than in high latitudes, as described
by Ebert et al. (2007). This is due to the fact that tropical
precipitation is mostly convective, which implies a
clearer signal in satellite measurements as a result of
heavy rainfall from thick clouds rather than precipi-
tation from shallow clouds. The difficulties involved
with accounting for the time lag between maximum
rainfall and the maximum development of a convec-
tive cloud have already been addressed by Reed and
Jaffe (1981). This is still one of the issues that infrared
(IR)-based rainfall algorithms have to deal with. Never-
theless, thanks to the incorporation of high-resolution
IR data, current satellite-based precipitation datasets
deliver their observations at 3-hourly (or even higher)
temporal resolution. As a result of the fact that high-
resolution reference data are very rare in tropical
regions, systematic validations of subdaily variations
as provided by satellite-based precipitation data are
infrequent.
Various studies have evaluated satellite-based pre-
cipitation datasets on different scales. Different satellite-
based precipitation datasets are intercompared to check
their consistency and to reveal deficiencies, as has been
done by Andersson et al. (2011). Some studies used rain
gauge data to evaluate differences between the ground-
truth and satellite-based precipitation estimates (e.g.,
Pfeifroth et al. 2013). Usually it is monthly or daily means
that are considered, while some studies also validated
subdaily data. Sapiano and Arkin (2009) evaluated dif-
ferent high-resolution satellite-based datasets, including
TRMM Multisatellite Precipitation Analysis (TMPA)
and Climate Prediction Center (CPC) morphing tech-
nique (CMORPH) data, with rain gauge data and found
correlations of about 0.5 for 3-hourly data in the southern
United States and concluded that CMORPH is best
suited to studying precipitation variability. Janowiak
et al. (2005) evaluated one summer season of CMORPH
precipitation diurnal cycles with weather radar data for
the United States and found reasonable agreement for
the mean diurnal cycle.
Thanks to the African Monsoon Multidisciplinary
Analysis–Couplage de l’Atmosphere Tropical et du
Cycle Hydrologique (AMMA-CATCH) project, some
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longer-term high-resolution rain gauge data are now
available, which are used as a precipitation reference for
the African tropical climate in this study. Also Roca
et al. (2010) and Gosset et al. (2013) used station data
provided by the AMMA database for West Africa to
validate different satellite-based and rain gauge–based
datasets in West Africa. By comparison with the
AMMA data, Roca et al. (2010) concluded that TMPA
data are the best suited for analyzing diurnal cycles.
Gosset et al. (2013) found temporal correlations be-
tween satellite estimates and rain gauge data in the
range of 0.5–0.7 for daily time steps. He et al. (2015) used
TMPA and AMMA station data to improve model
simulations in West Africa and also evaluated the di-
urnal cycle of rainfall. They found a pronounced evening
peak and a weaker morning peak for 2005. Sane et al.
(2012) analyzed the diurnal cycle of precipitation in
Senegal in two months of 2006 using rain gauge and
TMPA satellite data and found a secondary peak of
rainfall in the morning.
In this study we provide information on the ability of
state-of-the-art high-resolution satellite-based pre-
cipitation datasets to observe systematic diurnal vari-
ations. Therefore, we evaluate, overall, seven different
satellite-based precipitation products with at least
3-hourly temporal resolution with reference to in situ
observations in the African tropics. We focus on the
mean diurnal cycles of precipitation and also analyze
its mean month-to-month and year-to-year variability.
We used rain gauge data from the AMMA-CATCH
station network to evaluate satellite-based precipita-
tion datasets including the TMPA, the TRMM 3G68
datasets, two CMORPHdatasets, and the Precipitation
Estimation from Remotely Sensed Information using
Artificial Neural Networks (PERSIANN). In sections 2
and 3 we describe the data and the methods used.
The evaluation results are presented and discussed
in sections 4 and 5.
2. Data
a. AMMA rain gauge data
The African Monsoon Multidisciplinary Analysis
project is an international interdisciplinary program
dealing with the West African monsoon, its variability,
and its impacts on human life. Within the AMMA proj-
ect, three so-called mesosites with enhanced surface
measurements were set up, two of which were theOuémé
mesosite in central Benin and the Niamey mesosite in
southern Niger (Lebel et al. 2010). Within these two sites
rain gauge networks were maintained until recently by
the Institut de Recherche pour le Développement (IRD)
funded AMMA-CATCH program. Rainfall data at high
temporal resolution and formore than a decade are freely
available from theAMMA-CATCHdatabase (see http://
www.amma-catch.org; data accessed in June 2015).
Overall, we used hourly observations from 37 stations
covering themonsoon seasons (May–September) during
the time period 2000–11. The chosen stations are mainly
located in the Ouémé mesosite in Benin and in the
Niamey mesosite in Niger (see Fig. 1). The two meso-
sites have different rainfall characteristics (Gosset et al.
2013) and are therefore analyzed separately in this
study. We use the AMMA-CATCH station data as the
reference to validate the satellite products. Therefore,
the stations have been gridded as described in section 3.
b. TRMM 3G68 dataset
The Tropical Rainfall Measuring Mission is a joint ven-
ture between the National Aeronautics and Space Admin-
istration and the Japan Aerospace Exploration Agency
designed to monitor and study tropical precipitation.
The TRMM satellite covers the area from 358N to 358S;
its sensor package is described in Kummerow et al.
FIG. 1. Topographic map of the analysis region in West Africa,
including the AMMA stations used at the Niamey (northern) and
Ouémé (southern) mesosites.
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(1998). The TRMM satellite’s orbit is circular and non-
sun-synchronous, which means that each location is
covered at different local times each day. This makes
the TRMM satellite especially interesting for analyzing
the diurnal cycle of precipitation.
The TRMM 3G68 dataset in version 7 is used, which
consists of three different products based on two dif-
ferent instruments aboard the TRMM satellite. Prod-
uct 2A12 is based on the TRMM Microwave Imager
(TMI), 2A25 is based on the TRMM Precipitation
Radar (PR), and the 3B31 product is a combination
of the 2A12 and 2A25 products and is referred to as
TRMM-COMB in the following. All TRMM 3G68 prod-
ucts consist of 1-hourly instantaneous rainfall estimates
gridded to a 0.58 3 0.58 grid and cover the global tropics
(408N–408S).
The PR sensor is an active instrument and delivers the
most direct measure of precipitation, which implies that
the PR should give the best measure of precipitation.
Contrary to the PR, the TMI sensor is a passive micro-
wave imager that relies on emission and scattering sig-
nals due to precipitation-sized particles. The TMI sensor
swath is wider than that of the PR, but its measure of
precipitation is more indirect. TRMM-COMB combines
TMI-calibrated brightness temperatures and PR reflec-
tivities to generate a best-of-TRMM-only product at the
instantaneous time scale. The TRMM-COMB algo-
rithm is designed to make use of the strengths of both
sensors (Haddad et al. 1997). A drawback of the
TRMM-only datasets is its limited spatiotemporal
sampling, as analyzed by Negri et al. (2002b). On aver-
age, the 1-hourly PR and TMI version-7 datasets on the
0.58 3 0.58 grid are based on 13–15 and 37–40 overpasses
per month in the target region, respectively. To improve
the spatiotemporal coverage, we aggregated the 1-hourly
instantaneous TRMM G68 data to 3-hourly data by
averaging. This is close to the ideal aggregation interval
of 4 h, as proposed by Negri et al. (2002b).
c. TRMM 3B42 dataset
The TRMM 3B42 dataset in version 7 is a multi-
satellite precipitation dataset. It incorporates numerous
different satellite sources including microwave and in-
frared sensor data from polar-orbiting and geostationary
satellites (Huffman and Bolvin 2007) into a final product
on a 0.258 3 0.258 grid. The algorithm for generating the
TRMM 3B42 dataset consists of three main steps. First,
the TRMM-COMB (cf. section 2b) product is used to
calibrate the different microwave data sources. Then,
the infrared-based datasets are converted into pre-
cipitation estimates using the calibrated microwave
data. Finally, the microwave and infrared data are
merged into 3-hourly precipitation estimates.
d. CMORPH technique datasets
The Climate Prediction Center morphing technique
developed by the National Oceanic and Atmospheric
Administration produces a quasi-global precipitation
dataset with high spatiotemporal resolution. This
technique uses precipitation estimates derived from
passive microwave observations and transports these
estimates via spatial propagation information ob-
tained from geostationary satellite IR data (Joyce
et al. 2004). The morphing technique makes use of
30-min-resolution IR data to propagate and morph
the microwave precipitation estimates. It not only
transports the spatial rainfall features but also in-
terpolates the rainfall intensities both forward and
backward in time to get the best estimate. These
precipitation estimates are available in a very high
resolution of 30min in time and 8 km in space, cor-
responding to the resolution of the geostationary IR
data used. A lower-resolution CMORPH data version
is available as 3-hourly averaged precipitation estimates,
on a 0.258 3 0.258 grid. Both datasets are provided online
(http://rda.ucar.edu). In this study we are using both
the lower- and higher-resolution CMORPH version-1.0
data, referred to as CMORPH and CMORPH-hq,
respectively.
e. PERSIANN dataset
The Precipitation Estimation from Remotely Sensed
Information using Artificial Neural Networks dataset is
an effort coordinated by the Center for Hydrometeo-
rology andRemote Sensing (CHRS) of theUniversity of
California (Sorooshian et al. 2000; Ashouri et al. 2015).
PERSIANN data are available 3 hourly on a 0.258 3
0.258 grid. To generate the PERSIANN precipitation
data, IR measurements from global geostationary IR
composites are used to estimate precipitation by
applying a neural network trained with various passive
microwave based precipitation estimates. The data and
more information are available online (http://chrs.web.
uci.edu/persiann).
f. CLAAS dataset
The Cloud Property Dataset using SEVIRI
(CLAAS) is generated within the EUMETSAT Sat-
ellite Application Facility on Climate Monitoring
(CM SAF) (Stengel et al. 2014). The CM SAF gen-
erates and provides datasets on various essential cli-
mate variables with a focus on the earth’s energy
cycles. The CLAAS dataset contains several cloud
property parameters including cloud-top information
at high spatial and temporal resolutions. The dataset is
well suited to study diurnal cycles (Kniffka et al.
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2014). We used 1-hourly monthly mean diurnal cycles
of cloud-top temperatures (CTT) during a 4-yr period
for the three central monsoon months of June–
August. CLAAS is used in this study to analyze the
correspondence of diurnal cycles of rainfall and cloud-
top temperatures.
3. Methods
We are using hourly rain gauge data in West Africa
as obtained from the AMMA-CATCH database as
ground-based reference when comparing with differ-
ent gridded precipitation datasets during the time
period 2000–11. The AMMA-CATCH station data
have proven to be of reasonable quality, especially
when aggregating in space and time, for example, to 18
daily data (Gosset et al. 2013). While setting up the
validation, we were facing the issue of different da-
tasets having different spatiotemporal resolutions.
Further, the difficulty of comparing point data to
gridded data is addressed by spatial and temporal
averaging.
As the AMMA-CATCH stations used are distributed
relatively densely in some areas, multiple stations could
bemerged into grid boxes. The stations were aggregated
into grid boxes with a size of 0.58 3 0.58 by averaging the
respective stations located in the same grid box. By
doing so, the problem of station representativeness
could be reduced. All the satellite datasets are also an-
alyzed on the same 0.58 3 0.58 grid. The regridding, if
necessary, was performed by conservative remapping.
We thereby also aggregated the 1-hourly instantaneous
TRMMG68 data into 3-hourly data to be in line with the
other satellite data and to account for the lower sam-
pling rate. This brings the TRMM3G68 data close to the
ideal aggregation interval of 4 h, as proposed by Negri
et al. (2002a).
Further improvement of the station data representa-
tiveness is achieved by temporal averaging. First, the
monthly mean diurnal cycles for each grid box are
computed by averaging the rainfall amounts for the in-
dividual hours. These monthly diurnal cycles are then
further regionally averaged and then further averaged to
multiyear monthly diurnal cycles (see Figs. 5 and 6), to
multimonth yearly diurnal cycles (see Figs. 3 and 4), and
to overall mean diurnal cycles (see Fig. 2). Especially
when comparing station data and gridded data at smaller
temporal scales than in this study, one should explicitly
account for the temporal and spatial sampling errors, as
proposed, for example, by Kirstetter et al. (2013) and
Roca et al. (2010).
Moreover, we have to consider that the different
datasets not only have different spatial resolutions but
also different temporal resolutions. As the analyzed
datasets are mostly incorporating multiple satellites, the
individual single-sensor-based estimates are usually ag-
gregated and finally averaged over a certain time in-
terval during data processing. Accounting for those
aggregating time intervals is necessary to compare the
actual diurnal timings of precipitation. For the valida-
tion of the mean diurnal cycles we used the satellite data
at 3-hourly temporal resolution and theAMMA-CATCH
reference at hourly resolution. The CMORPH-hq satel-
lite dataset was kept in its native temporal resolution of
30min to check if there is an added value on the standard
CMORPH dataset. A summary of the datasets used,
including relevant information on the resolutions, is
given in Table 1.
FIG. 2.Mean diurnal cycles of the satellite-based datasets and the
AMMA-CATCH data at the (top) Ouémé and (bottom) Niamey
mesosites during the monsoon season (MJJAS).
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In most of the analyzed satellite datasets the time
stamp given in the data corresponds to the starting point
of the accumulation interval (see Table 1). In the
TRMM 3B42 dataset each 3-hourly precipitation value
given at a certain UTC time corresponds to the mean
precipitation estimated in the interval of61.5 h relative
to the time stamp. The time stamps of all other satellite-
based datasets have been adjusted to represent the
central time of the summation interval. Thereby, we
account for the different starting points of the aggrega-
tion intervals. The data are evaluated on the common
0.58 3 0.58 grid.
The evaluation focuses on two main characteristics of
the diurnal cycle of precipitation: the diurnal timing of
the maximum precipitation value and the size of the
diurnal peaks. The analysis is limited to the monsoon
season defined as the five months of May, June, July,
August, and September, when, except for the coastal
strip along the Guinea coast, the majority of the annual
rainfall occurs inWest Africa. The results are separately
shown for the Niamey and Ouémé mesosites, as well as
its month-to-month and year-to-year variability. Espe-
cially when analyzing the diurnal cycle for individual
years, larger uncertainties occur as a result of the shorter
averaging interval, visible by a larger scatter and a less
smooth diurnal cycle.
At the Ouémé mesosite two diurnal rainfall peaks
were found, which are analyzed in more detail. There-
fore, all data including that from the AMMA-CATCH
stations were used with a 3-hourly time step, to avoid
any resolution effects on the results. To distinguish be-
tween the diurnal rainfall peaks, the timing and the size
of the rainfall peaks (defined as the mean maximum
rainfall amount) are evaluated separately for morning
(0000–1200 UTC) and evening (1200–0000 UTC) hours,
when the peaks occur.
4. Evaluation results
TheWest Africanmonsoon season is characterized by
large rainfall amounts with substantial diurnal cycles
(Fink et al. 2008; Birch et al. 2014). Moreover, the
rainfall diurnal cycles vary spatially (He et al. 2015). This
tropical rainfall regime poses a challenge for satellite-
based precipitation datasets because of its high spatio-
temporal variability. In the following, the monsoonal
mean rainfall is analyzed and the mean diurnal cycles of
rainfall are described. Then, the focus is shifted to the
precipitation diurnal cycle variability in the different
datasets.
a. Monsoonal mean precipitation
To assess the overall quality of the analyzed datasets,
it is useful to validate the monsoonal mean rainfall
amounts in comparison with the AMMA-CATCH sta-
tion data. The monsoonal mean is the mean of the five
months (May–September) when the majority of rainfall
occurs in West Africa north of 88N. The results are
TABLE 1. Spatial and temporal resolutions and time stamp information of all data used as given by the data provider and as used in the
validation.
AMMA TRMM 3B42 PR TMI TRMM-COMB PERSIANN CMORPH CMORPH-hq
Native resolution
Spatial (lat–lon) — 0.258 0.58 0.58 0.58 0.258 0.258 8 km
Temporal 1-hourly 3-hourly 1-hourly 1-hourly 1-hourly 3-hourly 3-hourly 30min
Time stamp End Central Beginning Beginning Beginning Beginning Beginning Beginning
Resolution used for the validation
Spatial (lat–lon) 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58
Temporal 1-hourly 3-hourly 3-hourly 3-hourly 3-hourly 3-hourly 3-hourly 30min
Time stamp Central Central Central Central Central Central Central Central
TABLE 2. Monsoonal mean precipitation (mm) and relative biases (%) of the analyzed datasets with reference to the AMMA station data
during 2000–11 for the Ouémé and Niamey mesosites. Best values are shown in boldface.
AMMA TRMM 3B42 TMI PR TRMM-COMB PERSIANN CMORPH CMORPH-hq
Ouémé mesosite
Mean 1051 1018 1153 767 928 1326 1302 1300
Relative bias (%) — 23.1 19.7 227.0 211.7 126.2 123.9 123.7
Niamey mesosite
Mean 515 486 423 348 455 1135 719 719
Relative bias (%) — 25.6 217.9 232.4 211.7 1120.4 139.6 139.6
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shown in Table 2. There is a negative gradient of rainfall
from south to north. The Ouémé mesosite in central
Benin (;9.58N) gets about 1000mm of rain while the
Niamey mesosite (;13.58N) in southern Niger gets on
average 500mm of rain. Because of different rainfall
dynamics (Gosset et al. 2013; Fink et al. 2006), the val-
idation results in Table 2 are shown separately for the
Niamey and Ouémé mesosites. The precipitation
amounts vary, especially for the Niamey mesosite,
where rainfall is less frequent than at the Ouémé
mesosite (Gounou et al. 2012); hence single rain events
have a large impact on the rain amounts. At the Niamey
mesosite the PERSIANN data show more than twice
the rainfall amount compared to the ground reference,
which is in line with findings by Gosset et al. (2013),
while the PR data show the largest underestimations
(227%). For the Ouémémesosite the monsoonal mean
rainfall amounts are in better agreement. The values
range from about 750 to 1300mmwith the highest values
given by PERSIANN and CMORPH data. An over-
estimation of CMORPH has also been found by Pierre
et al. (2011) in Senegal in West Africa. We find negative
biases of the PR product to be on the order of 20%–
30%, which is consistent with the negative biases found
in convective storms in South America by Rasmussen
et al. (2013). Overall, the TRMM 3B42 data are closest
to the reference, with deviations of only 5% on average
in both analyzed regions.
b. Mean diurnal cycles
The overall monsoonal mean diurnal cycles of rainfall
at both mesosites are shown in Fig. 2. At the Ouémé
mesosite there is a distinct diurnal cycle with amaximum
of rainfall in the evening at around 1800 UTC and a
minimum in the morning at about 0800 UTC. A sec-
ondary maximum occurs in the early morning at around
0400 UTC. The analyzed satellite datasets reasonably
agree with the AMMA-CATCH reference, with a slight
tendency toward a delayed peak in the evening. Because
of its high temporal resolution, the CMOPRH-hq
dataset also nicely captures the secondary peak in the
morning. Overall, the rainfall amounts during the
evening peak are overestimated by most of the satellite
datasets. In terms of the size of the evening peak the
three TRMM 3G68 data products substantially deviate
from each other, as shown in Fig. 2.
The monsoonal mean diurnal cycle of rainfall is less
pronounced at the Niamey mesosite (see Fig. 2). The
diurnal cycle asmeasured by the rain gauges peaks in the
morning at about 0600UTC, and aminimum is observed
around noon. During the late evening the rainfall
amounts increase again. At the Niamey mesosite the
satellite products have more difficulties in capturing the
diurnal cycle. It is further obvious that CMORPH, and
in particular PERSIANN, overestimate the rainfall
while the PR underestimates the rain, as described in the
previous subsection. The morning peak is best captured
by the CMORPH-hq data but is also visible in the TMI
data. Overall, at the Niamey mesosite the satellite
products show larger differences from the AMMA-
CATCH reference than are seen at the Ouémé
mesosite.
c. Year-to-year variability of the diurnal cycle
The monsoonal mean diurnal cycles of rainfall from
each of the years from 2000 to 2011 are shown in
Figs. 3 and 4 for the Ouémé and Niamey mesosites,
respectively. Brief inspection of both figures reveals
there are considerable year-to-year variations at both
mesosites.
At the Ouémé mesosite, a distinct peak in rainfall
during the evening occurs in most of the years (see
Fig. 3). An exception is 2004, when the morning peak in
rainfall is much more pronounced than is usually the
case. The strongest evening peaks are visible in 2005,
2009, and 2010. During 2000–02, the CMORPH and
PERSIANN products most strongly overestimate the
evening peak. In general, the satellite products are able
to capture the year-to-year variations of the diurnal
cycles of rainfall. However, a diurnal cycle averaged
over only five months has a larger variability and a less
smooth diurnal cycle since the number of rainfall events
used for averaging is relatively small. In turn, single
events might heavily impact this comparison. In PR,
TMI, and TRMM-COMB, the deviations are larger, and
the peaks are often overestimated. This behavior can
most likely be attributed to a limited temporal sampling
of the TRMM-only products.
The diurnal cycles during the individual years show
larger deviations at the Niamey mesosite compared to
the Ouémé mesosite. A prevailing early morning peak
of rainfall is observed. Exceptions are the years 2000,
2005, and 2007, when the early morning peak of rainfall
hardly exists (see Fig. 4). The most pronounced early
morning peaks occurred during 2004 and 2006. Again,
the CMORPH-hq data take advantage of the high
temporal resolution and can capture much of the ob-
served variability. Overall, PERSIANN tends toward
overestimating the results and the TRMM-only prod-
ucts partly show overestimating peaks (e.g., during 2004,
2005, and 2007).
d. Multiyear monthly diurnal cycles
Instead of averaging the diurnal cycles of the five
monsoon months [May–September (MJJAS)], as in the
previous subsection, we also analyzed the multiyear
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mean diurnal cycles from month to month. These di-
urnal cycles of rainfall are presented in Figs. 5 and 6 for
the Ouémé and Niamey mesosites, respectively. Addi-
tionally, the diurnal cycles of the CLAAS cloud-top
temperatures were analyzed during the monsoon months
of June–August to give a qualitative measure of the
diurnal cloud development alongside of the diurnal
rainfall occurrence.
FIG. 3. Annual mean diurnal cycles of the satellite-based datasets and the AMMA-CATCH data at the Ouémé mesosite during the
monsoon season (MJJAS) for 2000–11. The key for the lines is provided in Fig. 2.
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FIG. 4. As in Fig. 3, but for the Niamey mesosite.
JANUARY 2016 P FE I FROTH ET AL . 31
At the Ouémé mesosite we can see that the diurnal
cycle substantially varies throughout the monsoon
season (cf. Fig. 5). In May there is a distinct peak in
the early morning around 0400 UTC while the even-
ing peak is less pronounced. The satellite products
show large differences concerning both peaks in
terms of rainfall amounts. The early morning peak is
underestimated by each of the satellite products, and
the evening peak is partly overestimated. The TRMM
3G68 product disagrees with the reference in the
evening. In June the diurnal cycle is changing: the early
morning peak is weakening and the evening maximum
is strengthening relative to the situation in May. In
June the satellite datasets agree better with the
FIG. 5. Multiyear monthly mean diurnal cycles for MJJAS at the Ouémé mesosite, including CTT information for
JJA. See legend at the bottom right.
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AMMA-CATCH reference, while the morning and
evening peaks are of approximately the same size. As in
May the evening peak is overestimated, especially by
PERSIANN and CMORPH. The deviations are
smaller during the morning peak. In July the diurnal
cycle of rainfall has changed further. There is no more
morning peak of rainfall while the evening maximum has
strengthened andmoved to an earlier time of around 1800
UTC. At this stage of the monsoon we observe the
typical characteristic of tropical convection over land
that leads to local convective rainfall in the evening as a
result of surface heating in an unstable troposphere.
Here, we see a slight delay in the time of peak rainfall
among almost all of the satellite products (see Fig. 5
FIG. 6. As in Fig. 5, but for the Niamey mesosite.
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and also Fig. 7). This delay corresponds to the mini-
mum in the cloud-top temperature diurnal cycle in July
(see black dotted line for CTT in Fig. 5), with the
coldest clouds corresponding to the maximum rainfall
derived by the satellite products. In August, the diurnal
cycles are strongest. Overall, the diurnal cycle is rel-
atively similar to that in July with the exception of a
double maximum in the evening. This feature is dif-
ficult to interpret and might be attributable to the
spatial averaging. Again, most of the satellite datasets
are on average slightly late in terms of peak rainfall
while the PR and TRMM-COMB peaks coincide with
the observations. In September, at the end of the
monsoon, the diurnal cycle characteristics are similar
to that in May, early in the monsoon, but with a slightly
earlier peak.
At the Niamey mesosite the diurnal cycle is also
subject to month-to-month variabilities throughout the
monsoon (cf. Fig. 6), but the diurnal cycle characteristics
are less clear than at the Ouémé mesosite. In May,
monsoonal rains are still almost absent at the Niamey
site, which is changing in June. Then, the rainfall diur-
nal cycle characteristics are similar to those seen in
Fig. 2 for the overall monsoonal mean diurnal cycle. The
maximum rainfall occurs in the morning at around
0700 UTC. PERSIANN strongly overestimates rainfall,
FIG. 7. Time differences (h; satellite data minus station data) in (top) morning and (bottom)
evening peaks of monthly mean diurnal rainfall during the monsoon months at the Ouémé
mesosite. The most pronounced monthly peaks (morning peaks during MJJAS and evening
peaks during JJA) are marked by the black boxes.
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while its timing is reasonable. The early morning
peak is captured too early by most of the satellite
products, but overall the peak is not very pro-
nounced. The early morning peak is absent in July.
There is instead a peak around midnight that the
satellite products capture reasonably well. The
morning peak appears again in August and is more
pronounced than in June. There the PR and TRMM-
COMB data deviate most while the TMI data are
closer to the reference. At the end of the monsoon,
the September rainfall amounts decrease and the
diurnal cycle also gets weaker.
The distinct month-to-month variability at the Ouémé
mesosite (cf. Fig. 5) is further analyzed in more detail
concerning the timing and intensity of the observed
morning and evening peaks. Therefore, the AMMA-
CATCH data are used at 3-hourly resolution, which is
in line with the satellite products (beside CMORPH-hq),
to avoid any artificial timing differences. Figure 7 shows
the results of the meanmorning peaks of rainfall; here,
the focus is on the months of May and September,
when the morning peak is most distinct (marked by
the black boxes in the top part of Fig. 7). While the
TRMM 3G68 products capture the morning peaks
too late by up to 2 h, the other satellite datasets
show only small deviations in the timing of the peak
rainfall. Time differences for the evening peak are
more systematic during the central monsoon months
of June–August, when the evening peak of rainfall
dominates on average (see black box in Fig. 7, bottom).
June presents a transition month when morning and
evening peaks are of similar size. In July and August,
when the evening peak is most distinct, a mean delay
in the time of maximum rainfall in all the satellite
datasets is revealed. This delay is about 1 h on av-
erage, with smaller delays seen by the PR, TMI,
FIG. 8. Size differences (mmh21; satellite data minus station data) of monthly mean rainfall
peaks in the (top) morning and (bottom) evening for the monsoon months at the Ouémé
mesosite.
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TRMM-COMB, and CMORPH/CMOPRH-hq datasets.
Larger mean delays of up to 2 h are found in the
TRMM 3B42 and PERSIANN datasets. Overall,
the diurnal timing is captured reasonably well by the
satellite datasets while the CMORPH and TRMM-
COMB products perform best in identifying the
evening peak as observed by the AMMA-CATCH
stations.
The differences in the morning and evening peak sizes
of rainfall at the Ouémé mesosite are shown in Fig. 8.
The morning peaks in May and September are over-
estimated on average by most of the satellite products.
The TRMM 3B42 peak sizes are closest to the AMMA
reference. Overall, the overestimations on the mean
peak size are on the order of 0.25mmh21. The peak size
differences in the evening (see Fig. 8, bottom) are larger
than those in the morning. Especially in May, June, and
September, most of the datasets overestimate the
evening rainfall peaks by 0.25–0.5mmh21. This results
in dominating evening peaks in the satellite datasets,
in opposition to the ground-based measurements. In
August, when the evening peak is most pronounced,
the peak sizes between the satellite and the station
data agree well. Owing to its higher temporal reso-
lution, CMORPH-hq shows stronger peaks than does
CMORPH.
5. Discussion and conclusions
Rainfall in West Africa is characterized by convective
events that are subject to high spatial and temporal
variability. It has been shown by Roca et al. (2010) and
Gosset et al. (2013) that multisatellite-based pre-
cipitation datasets provide valuable information on the
daily and subdaily variability of rainfall in West Africa.
In this study, it is emphasized that current satellite-based
datasets, especially those including geostationary in-
frared information that get a better temporal coverage,
perform reasonably well in capturing the diurnal cycle as
observed by ground stations. When averaging over
longer time scales, the TRMM-only products (TRMM
3G68) provide reasonable diurnal cycles as well, while
care must be taken when short time scales are consid-
ered. In this case deviations are larger (see, e.g., Fig. 4),
probably as a result of the reduced temporal sampling.
Concerning monsoonal mean rainfall amounts during
the time period of 2000–11 the TMPA dataset performs
best at both the Niamey and Ouémé mesosites (see
Fig. 2), whichmight be related to the fact that the TMPA
product also incorporates gridded rain gauge in-
formation on a monthly scale. The overestimations
found in CMORPH and PERSIANN, as well as the
underestimation by PR, are in line with findings in West
Africa by Pierre et al. (2011) and Gosset et al. (2013) for
shorter time periods.
The diurnal cycle of rainfall is muchmore pronounced
at the Ouémémesosite than at the Niamey mesosite. At
the latter, maximum diurnal rainfall occurs in the
morning hours owing to the arrival of mesoscale con-
vective systems (MCSs). At theOuémémesosite we find
on average a weaker rainfall peak in the morning and a
stronger peak in the evening, in line with the findings
of He et al. (2015). These diurnal cycles are subject
to interannual variability (see Fig. 3). There are also
pronounced variations in the multiyear monthly di-
urnal cycles throughout the monsoon season. A dis-
tinct morning peak in rainfall in May is followed by
strong evening peaks of rainfall in July and August,
when the locally initiated convective rainfall regime is
dominant. In September, things change again with the
southward shift of the intertropical convergence zone.
These results, based on a 12-yr period, agree well with
findings by Fink et al. (2006) during a 1-yr period
in 2002.
There also is significant year-to-year variability of the
mean diurnal cycle at the Ouémé mesosite, which is
expected to be defined by the prevailing precipitation
regime being either moreMCS dominated or dominated
by local convection during the individual years. Never-
theless, the morning and evening peaks exist in most
years, with the evening peak dominating the rainfall
diurnal cycle. At the Niamey mesosite interannual var-
iability is also present. Owing to large deviations in the
diurnal cycles of rainfall (cf. Figs. 6 and 4), which might
often be the result of only a few extreme events, a de-
tailed analysis of mean diurnal cycles is not expected to
be of much value even when averaging over longer time
periods. For more detailed evaluations of rainfall in
such an outer tropical regime, it is important to account
for sampling uncertainties on spatial and temporal
scales. A procedure for how to account for those sam-
pling and algorithm uncertainties within a validation
framework has been developed byRoca et al. (2010) and
Kirstetter et al. (2013).
Instead, for the Ouémé mesosite the morning and
evening peaks in rainfall have been analyzed in more
detail as rainfall occurs more frequently. We find that
there is a mean time delay of about 1 h in the diurnal
rainfall maximum in the evening by most of the satellite
datasets (see Fig. 7). A delay in peak rainfall has also
been found by Negri et al. (2002a) in the tropics of
Brazil. In the PERSIANN dataset this averaged delay is
largest, at about 2 h. The TRMM-only products PR,
TMI, and TRMM-COMB and the CMORPH dataset
show only a minor mean delay. This tendency toward a
delay in the timing of the rainfall maximum in the
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evening can be explained by the use of infrared data in
the satellite dataset generation. The infrared algorithms
are only sensitive to cloud-top temperatures and convert
those into a rain rate. Using cloud-top temperature ob-
servations can then lead to a systematically incorrect
interpretation of the algorithm by still assuming
rainfall, a problem scientists have faced since the early
days of satellite imagery interpretation (Reed and Jaffe
1981). Tropical convective precipitation typically occurs
during the early stage of convective cloud development,
while little precipitation occurs during the later stages
when the high and cold ice shield remains (Futyan and
Del Genio 2007). The delay in minimum cloud-top
temperature with reference to the maximum rainfall
peak is especially visible during July and August (see
Fig. 5). This might explain why the PERSIANN dataset,
which is mainly based on infrared measurements, shows
the largest delay in peak precipitation (see Fig. 7). The
mean sizes of the morning and evening peaks of rainfall
(see Fig. 8) at the Ouémémesosite are overestimated by
most of the satellite datasets. This overestimation is
stronger for the evening peak than for themorning peak.
This might be related to the prevailing rainfall regimes.
However, the central Benin study region is a good
example of where local knowledge of the diurnal and
seasonal cycles in the types of convection can be in-
dispensable for interpreting satellite rainfall validation
studies. The peak after midnight in the Ouémémesosite
is caused by westward-propagating, organized convec-
tive systems (OCSs) that originate from the Jos Plateau
and reach the site toward the ends of their lifetimes
(Fink et al. 2006). These OCSs develop in high CAPE/
CIN and low-level shear environments that prevail
during May–June and September near the Ouémé
mesosite. In July and especially August, low-shear, low
CAPE/CIN, and a moist troposphere favor afternoon
convection that is less organized. It can be hypothesized
that the observed year-to-year variations in the two di-
urnal peaks are due to changes in the two convection
regimes described above.Moreover, delays in the timing
of the later afternoon peak might be related to the fact
that this is developing convection whereas the nighttime
peak might result from extensive trailing OCS-related
anvils. However, this speculation is left for further study.
Since the Niamey site only has OCS-type convection
(Mathon et al. 2002), the year-to-year variability in the
overnight peak is likely related to random changes in the
life cycles of the few OCSs that hit Niamey each year. It
has been known that the overnight peak is related to
OCSs that are triggered near the southern foothills of
theAirMountains in the afternoon hours and propagate
at about 50 kmh21 toward Niamey in the evening and
early night hours (Shinoda et al. 1999).
Overall, the satellite products are able to reasonably
capture the diurnal cycles of rainfall and its climato-
logical variability with reference to ground-based rain
gauge observations, keeping sampling issues associated
with shorter temporal and smaller spatial scales in mind.
In particular, the high-resolution CMORPH-hq dataset
performs well and allows for more detailed analyses on
rainfall diurnal cycles in the tropical regime. The timing
of the precipitation diurnal cycles is of great interest
among the modeling community. There is the common
problem in numerical modeling with reasonably
reproducing the precipitation diurnal cycles (Dirmeyer
et al. 2012; Birch et al. 2014; Folkins et al. 2014). The
applied parameterizations typically generate precipita-
tion too early in the day, while explicitly resolved con-
vection gives more promising results (Fosser et al. 2015).
For evaluation, satellite-based precipitation datasets are
often used as a reference, especially in regions sparsely
covered by rain gauges like the tropics. This study shows
the general suitability of selected satellite-based pre-
cipitation datasets to reasonably capture the diurnal cy-
cle of precipitation. However, different characteristics are
documented for the datasets used with respect to their
ability to reproduce the diurnal cycle of precipitation on
different spatial and temporal scales. These should be
considered when selecting the appropriate datasets for
model evaluation and other applications.
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